The leading contributions from heavy new physics to Higgs processes can be captured in a model-independent way by dimension-six operators in an effective Lagrangian approach. We present a complete analysis of how these contributions affect Higgs couplings. Under certain well-motivated assumptions, we find that 8 CP-even plus 3 CP-odd Wilson coefficients parametrize the main impact in Higgs physics, as all other coefficients are constrained by non-Higgs SM measurements. We calculate the most relevant anomalous dimensions for these Wilson coefficients, which describe operator mixing from the heavy scale down to the electroweak scale. This allows us to find the leading-log corrections to the predictions for the Higgs couplings in specific models, such as the MSSM or composite Higgs, which we find to be significant in certain cases.
Introduction
The resonance observed at around 125 GeV at the LHC [1] has properties consistent with the Standard Model Higgs boson. More precise measurements of its couplings will hopefully provide information on the origin of electroweak symmetry breaking (EWSB) in the Standard Model (SM). All natural mechanisms proposed for EWSB introduce new physics at some scale Λ, not far from the TeV scale, that generates deviations in the SM Higgs physics. From this perspective, a convenient framework for a model-independent analysis for these deviations is the effective Lagrangian approach that consists in enlarging the SM Lagrangian by including higher-dimensional operators built of SM fields [2] . These operators are the low-energy remnants of the heavy new physics integrated out at the scale Λ, which appears then as the scale suppressing these operators.
In this article we perform a complete study of the impact of the (dominant) dimension-six operators in the most important Higgs couplings. In particular, we calculate the corrections to single Higgs couplings, relevant for the main Higgs decays and production mechanisms. We will show that, for one family, there are 8 CP-even operators that can only affect Higgs physics and no other SM processes (at tree-level). This corresponds to the number of independent dimension-six operators that can be constructed with |H| 2 , and implies that Higgs couplings to fermions, photons, gluons, and Zγ (for which large corrections are still possible) are characterised by independent Wilson coefficients. The rest of operators that could in principle affect Higgs physics at tree-level also enter in other SM processes and therefore can be constrained by independent (non-Higgs) experiments. In our paper we will present the main experimental constraints on these operators, with a full dedicated analysis to be reported in Ref. [3] . Our article aims to complete part of the analysis of Higgs physics given in Refs. [4, 5] .
Out of the 8 CP-even operators that only affect Higgs physics, 5 of them are "tree-level" operators and 3 are "one-loop", as we will explain. The 5 tree-level operators affect directly the Higgs couplings to fermions, the kinetic term of the Higgs and the Higgs self-couplings. We calculate the anomalous dimensions of these 5 operators, which allow us to describe the renormalization group (RG) evolution of these Wilson coefficients from the heavy scale Λ, where they are generated, down to the electroweak-scale. 1 We apply these results to find the leading-log corrections to the predictions for Higgs-couplings in several Beyond the Standard Model (BSM) scenarios: the Minimal Supersymmetric Standard Model (MSSM), universal theories (such as composite-Higgs models) and models with a non-standard top. We find that the corrections from this running can be sizable for Λ ∼ few TeV, and will become more relevant as we have better measurements of the Higgs couplings. We also calculate the anomalous dimensions of the operators contributing to the S and T parameters and to the Zbb couplings. The stringent experimental constraints on these quantities can then be translated into indirect bounds on Higgs operators.
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The article is organized as follows. In Section 2 we review the classification of operators into two classes: tree-level and loop-induced operators. We also discuss the related issue of the election of the basis of effective dimension-six (d = 6) operators. The modifications of the Higgs couplings as a function of the Wilson coefficients are presented in Section 3. Some of these Wilson coefficients can only be tested in Higgs physics, while the others are constrained by LEP and Tevatron. In Section 4 we show how to obtain such constraints. In Section 5 we calculate the renormalization group equations (RGE) of the Wilson coefficients most relevant for Higgs physics. In Section 6 we illustrate the impact of such RG effects on particular scenarios of interest. After this, we present our conclusions while some technical details are left for the Apendices. Appendix A deals with redundant operators and the field redefinitions that can be used to remove them from the Lagrangian. Appendix B presents the results for the one-loop anomalous dimensions of the Wilson coefficients before removing the redundant operators. Finally, Appendix C discusses the transformation properties of the d = 6 operators under the custodial SU (2) L ⊗ SU (2) R symmetry, which can be helpful in understanding some of their properties (e.g., concerning their mixing under RG evolution).
Dimension-six operator basis
Let us consider a BSM sector characterized by a new mass-scale Λ much larger than the electroweak scale M W . We will assume, among other requirements to be specified later, that this sector preserves lepton and baryon number. By integrating out this sector and performing an expansion of SM fields and their derivatives D µ over Λ, we obtain an effective Lagrangian made of local operators:
where L d denotes the term in the expansion made of operators of dimension d. By g * we denote a generic coupling, while g H and g f L,R are respectively accounting for the couplings of the Higgs-doublet H and SM fermions f L,R to the BSM sector, and g and F µν represent respectively the SM gauge couplings and field-strengths. 2 The Lagrangian in Eq. (1) is based on dimensional analysis and the dependence on the couplings is easily obtained when the Planck constant is put back in place. All couplings introduced in Eq. (1) can be useful as bookkeeping parameters. In particular, a term in the Lagrangian that contains n fields, will carry some coupling to the power n − 2 (in this counting, λ, the Higgs quartic-coupling, is formally of order g 2 * ). The dominant effects of the BSM sector are encoded in L 6 , as L 4 leads only to an unphysical redefinition of the SM couplings. There are different bases used in the literature for the set of independent d = 6 operators in L 6 . Although physics is independent of the choice of basis, it is clear that some bases are better suited than others in order to extract the relevant information e.g. for Higgs physics. A convenient feature to ask of a good basis is that it captures in few operators the impact of different new-physics scenarios, at least for the most interesting cases. For example, in universal theories, defined as those BSM scenarios whose corrections can be encoded in operators made only of SM bosons, the bases used in Refs. [4, 8] are appropriate since the physics effects can be captured by just 14 CP-even d = 6 operators. Therefore, 14 is the number of independent parameters of the new physics effects and this number must be the same in all bases. However, the list of operators required to describe this same physics can contain many more than 14 operators in other bases, as for example in that of Ref. [9] . It follows that if we use such alternative bases to study universal theories there will be correlations among operator coefficients, making the analysis more cumbersome.
Another important consideration for the choice of basis is to separate operators whose coefficients are expected to have different sizes (again, at least in the main theories of interest). For example, it is convenient to keep separated the operators that can be induced at tree-level from integrating weakly-coupled states from those that can only be generated at the one-loop level. This helps in determining the most relevant operators when dealing with a large class of BSM scenarios such as supersymmetric, composite Higgs or little Higgs models among others. As shown in Ref. [7] , this criterium is also useful when considering one-loop operator mixing, since one finds that tree-level induced operators often do not contribute to the RGE flow of one-loop induced ones, independently, of course, of the UV origin of the operators. In this particular sense, the basis of [7] is better suited than that of [8] . It is obvious that to meet all the criteria given above we do not need to sacrifice generality (a main goal of this article), as long as one keeps a complete basis of operators, as we do.
The operators of our basis will be broadly classified in three classes [4, 7] . The first two classes will consist of operators that could in principle be generated at tree-level when integrating out heavy states with spin ≤ 1 in renormalizable weakly-interacting theories. As we show in Appendix A, these operators can be written as products of scalar, fermion or vector currents of dimension less than 3.
3 Among these current-current operators we call operators of the first class those that involve extra powers of Higgs fields or SM fermions. They will be proportional to some power of the couplings g H or g f L,R , respectively. The importance of the operators of the first class is that they can be the most sizeable ones when the theory is close to the strong-coupling limit, g H , g f L,R ∼ 4π. Operators of the second class are instead those that involve extra (covariant) derivatives or gauge-field strengths and, according to Eq. (1), are generically suppressed by 1/Λ 2 times a certain power of gauge couplings. Finally, in the third class, we will have operators that cannot be generated from a tree-level exchange of heavy fields and can only be induced, in renormalizable weakly-coupled theories, at the one-loop level. In this case, we expect these operators to be suppressed by g 2 * /(16π 2 Λ 2 ).
We then classify the d = 6 operators as
where, for notational convenience, we introduce the one-loop suppressed coefficients
for the third class of operators. In weakly-coupled theories,
..) are functions that depend on ratios of couplings. We refer to the operators O i 1 and O i 2 as "current-current" or "tree-level" operators, while we call O i 3 "one-loop" operators.
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Although our basis follows a classification inspired by renormalizable weakly-coupled theories, it can also be useful when dealing with strongly-coupled BSM models. For example, if the Higgs or SM fermions arise as composite mesonic states of a strongly-interacting gauge theory with no small parameter, our basis can still give the right parametrization by taking g * ∼ 4π. Also, strongly-coupled models that admit a weakly-coupled holographic description generate d = 6 operators that follow the above classification. In this case we have g * ∼ 4π/ √ N where N plays the role of the number of colors of the strong sector.
Let us start defining our basis by considering first operators made of SM bosons only [4] . In the first class of operators, O i 1 , we have
Here we have defined
, which involves six Higgs fields, an extra factor g 2 * could be present. Nevertheless, we have substituted this by λ, the Higgs self-coupling defined as V = −m 2 |H| 2 + λ|H| 4 . This is motivated by the fact that the lightness of the Higgs suggests that there is a symmetry protecting the Higgs self-coupling to be of order λ ∼ m 2 h /(2v 2 ) ∼ 0.13. Examples are supersymmetry or global symmetries as in composite Higgs models.
In the second class of operators, O i 2 , we have
Since the last three operators involve two field strengths, we expect
2 * , and c 2G ∼ g 2 s /g 2 * . 4 For a classification of operators similar in spirit to ours, see [10] .
In the third class of operators, O i 3 , we have the CP-even operators
and the CP-odd operators
where 
The operators O 3W and O 3G (and the corresponding CP-odd ones) have three field-strengths and then their corresponding coefficients should scale as c 3W ∼ g 2 /g 2 * and c 3G ∼ g 2 s /g 2 * respectively.
Let us now examine d = 6 operators involving SM fermions, considering a single family to begin with. Operators of the first class involving the up-type quark are
where H = iσ 2 H * , and in operators ∝Q L u R we include a Yukawa coupling y u (m u = y u v/ √ 2) as an order parameter of the chirality-flip. We also understand, here and in the following, that when needed the Hermitian conjugate of a given operator is included in the analysis. In the first class we have, in addition, the four-fermion operators: where T A are the SU (3) c generators. Other four-fermion operators are linear combinations of the ones appearing in Eq. (15) ; see for example [9, 11] . Finally, the one-loop (dipole) operators involving the up-type quark are
Similar operators to those given above can be written for the down-type quarks and leptons. For one family of fermions these are given in Table 2 . Among them, there is a new type of operators, involving two different types of fermions, which, as we will see, can have an important impact on Higgs physics at the one-loop level. These are
and
where = iσ 2 and α labels color (only shown when contracted outside parentheses). These operators are in principle of the first type. Nevertheless in the four-fermion operators of Eq. (18) we have incorporated a product of Yukawa couplings since they involve two chiralityflips, while in Eq. (17) we have also included Yukawa couplings as it is the case in theories with a flavour symmetry, as discussed below. These operators are then only suppressed by 1/Λ 2 as second-class operators.
There is some redundancy in the operators given above, as it is clear that some of them can be eliminated by field redefinitions (see Appendix A) or using the equations of motion (EoM). For example, the operator O r can be eliminated by field redefinitions:
Also, we could eliminate all 5 operators of Eq. (5) by using the EoM for the gauge fields: 
where, in the last expression, we have eliminated O r using Eq. (19) . For one family of fermions the set of operators that we use is collected in Tables 1 and 2 . We keep all operators of Eqs. (4)- (11), since they are the relevant ones for a well-motivated class of BSM scenarios such as universal theories, with the exception of O r , that we eliminate of our basis using Eq. (19) . In Tables 1 and 2 there are 58 operators; adding the 6 bosonic CPodd ones in Eqs. (9)-(11) leads to a total of 64 operators. We still have 5 redundant operators that once eliminated leave a total of 59 independent operators, in agreement with [9] . We leave free the choice of which 5 operators to eliminate: e.g., the operators of Eq. (5) could be eliminated by using Eq. (20) or, alternatively, we could trade 5 operators that contain fermions by the operators in Eq. (5). We will use later this freedom in different ways depending on the physics process studied. Other redundant operators are discussed in Appendix A. Extending the basis to 3 families increases considerably the number of operators. We can reduce it by imposing flavor symmetries, which are also needed to avoid tight constraints on flavor-violating processes. For example, we can require the BSM sector to be invariant under the flavor symmetry
under which the corresponding 3 families transform as triplets, and the Yukawas become 3 × 3 matrices transforming as y d ∈ (3,3, 0, 0, 0), y u ∈ (3, 0,3, 0, 0) and y e ∈ (0, 0, 0, 3,3) under the non-Abelian part of the flavor group. One can also assume that the Yukawas are the only source of CP violation. This assumption goes under the name of Minimal Flavor Violation (MFV) [12] . In this case the list of operators given in Table 2 can be easily generalized to include 3 families. For example, for operators involving two fermions, we have
(i, j are family indices) and similarly for other fermion species. For 4-fermion operators, we have several possibilities to form singlets under the flavor group. For the leptons we find four independent operators:
where we are neglecting terms of O(y 2 e /g 2 * ), while the independent set of 4-quark operators can be found in the Appendix of Ref. [13] . The MFV assumption that the Yukawas are the only source of CP violation implies that the Wilson coefficients are real. For the top quark, having a Yukawa coupling of order one, departures from flavor-universality could be important.
It is useful, in order to understand what operators mix under the RGE, to derive the transformation of the coefficients (or equivalently, of the operators) under the global custodial SU (2) L ⊗SU (2) R symmetry and the parity P LR that interchanges L ↔ R. A detailed analysis is given in Appendix C. In Table 3 we present the quantum numbers of the coefficients of the tree-level operators involving the Higgs.
Higgs physics
Let us now describe the effects of the d = 6 operators on Higgs physics. We will only present the modifications of the Higgs couplings important for single Higgs production and decay, working under the assumption of MFV, allowing however for CP-violating bosonic operators. We split the relevant part of the Lagrangian in two parts, Table 3 : Quantum numbers under the custodial SU (2) L ⊗ SU (2) R and left-right parity P LR of the SM couplings and coefficients of the tree-level operators involving Higgs fields. We only show the P LR -parities of the coefficients with a well-defined transformation, see Apendix C.
In L
h we keep the SM couplings and the effects of the current-current operators of Tables 1  and 2 , while L h by using the EoM, so that we end up with Higgs couplings at zero momentum. After doing that, we have, in the canonical basis for the Higgs field h,
where a sum over fermions is understood and V = W, Z. The couplings read
Here the SM couplings must be expressed as a function of the input parameters α = e 2 /(4π), the Fermi constant G F and the physical m h , M Z and fermion masses. In these equations, θ W is the weak mixing angle, T 3 L = ±1/2 stands for the weak isospin values of up and down components of SU (2) L fermion doublets, Q f is the fermion electric charge. We have defined
with v 246 GeV, and
In the couplings of Eq. (26), we have introduced
Finally, we have made use of the precision electroweak parameters [14, 15] 
6 A coupling of W ± µ to the right-handed currentf R γ µ f R is generated from the operator O ud R in Eq. (17), but we do not include it as it is expected to be suppressed by two Yukawa couplings (due to the MFV assumption) and hence to be small.
As we have stressed in the previous Section, not all the operators appearing in the Higgs couplings of Eq. (26) are independent. Once one has decided which are the redundant operators which are not in the basis, one should simply put equal to zero the corresponding operator coefficients.
The second term in the Lagrangian (24) necessarily contains field derivatives. It reads
The couplings are given by
The contributions from the CP-violating bosonic operators can be easily obtained from Eq. (33) by replacing one of the field strengths F µν in the operators by F µν . Only the contributions from the dipole operators (third box of Table 2 ) have been neglected since they are assumed to be proportional to Yukawa couplings. In the list of modified Higgs couplings (26), the tree-level operator O 6 does not play any role. The simplest modified coupling containing this operator would be the triple Higgs vertex
where g SM hhh is the SM value for the h 3 coupling. Experimental access to this coupling is not yet possible.
From the couplings in Eqs. (25) and (33) it is easy to derive the modifications of the main Higgs partial-widths due to d = 6 operators [3] [4] [5] . 7 The coefficients c
f R can also modify the cross-section of hff production, giving contributions that grow with the energy. A particularly interesting case is pp → qth (q being a light quark) that is dominated by the subprocess W L b → th. At large energies this grows with the energy as
The extraction of new physics through this process has been studied in Ref. [16] .
Experimental constraints on the Wilson coefficients
As we saw in the previous Section, many d = 6 operators can directly affect the Higgs couplings. Some of them only affect Higgs physics (at tree-level). Their corresponding coefficients are
The reason for this is clear in the case of c H and c 6 as these operators contain exclusively Higgs fields; and in the case of c y f , κ BB and κ GG because, when the Higgs is substituted by its vacuum expectation value (VEV), these operators simply lead to an innocuous renormalisation of SM parameters. The coefficientκ W W corresponds to the direction in parameter space given by
and the reason why this direction is only constrained by Higgs physics is subtle in our basis.
The easiest way to see it is to go from our basis, that contains the subset
to the basis containing the subset B 3 defined in [7] :
One can go from one to another using (13) . Now, in the basis containing O W W it is clear that its coefficient cannot be bounded by any non-Higgs SM processes, for exactly the same reasons as κ BB . We can now use Eq. (13) to get the expression of O W W in terms of the operators in
which leads to the direction given in Eq. (38). Similarly, for the CP-odd operators,κ W W corresponds to the direction:
Although the coefficients c H , c 6 and c y f have no severe constraints from Higgs physics yet [18] , the coefficients κ BB and the difference κ HW − κ HB are subject to strong constraints from h → γγ and h → Zγ respectively (as these decays are one-loop suppressed in the SM). These give at 95%CL [18] − 0.0013
Notice that κ HW − κ HB is odd under P LR [Eq. (C.4)] and could be suppressed with respect to the sum κ HW + κ HB if the BSM sector respects this parity. Similarly, the coefficient κ GG enters in the production GG → h and gets the bound [18] :
The coefficients of the CP-odd operators enter quadratically in Γ(h → γγ) and Γ(h → Zγ), and therefore their effects are suppressed with respect to CP-even ones.
Apart from the "Higgs-only" coefficients of Eq. (37), the rest of the coefficients of d = 6 operators that enter in the Lagrangian of Eq. (25) and Eq. (33), relevant for single Higgs physics, can in principle be constrained by (non-Higgs) SM processes. In the following we present the main experimental constraints on these Wilson coefficients. We also discuss limits on other Wilson coefficients that, although do not affect Higgs physics at tree-level, could do it at the one-loop level. The details of this study with a full dedicated quantitative analysis will be presented in [3] . In what follows we assume MFV (unless explicitly stated) and CPinvariance.
Universal theories
We start considering universal theories, leaving the generalization for later. The new physics effects of these theories are captured by the operators listed in Table 1 . Deviations in the W ± and Z 0 propagators can be parametrized by four quantities, S, T , W and Y [15] . The contributions from d = 6 operators to S and T have been written in (32) ; the corresponding equations for W and Y read
LEP1, LEP2 (e + e − → l + l − ) and Tevatron allow to constrain independently each of these four quantities, all of them at the per-mille level [15] . 9 We saw in (32) that S depends only on the combination c W + c B . The gauge-boson part of the orthogonal combination, O W − O B , contains at least three gauge bosons
and thus it is a blind direction for LEP1 experiments. To constrain this direction, we have to consider the effect of c W,B on triple gauge-boson vertices, which can be cast in the form
9 LHC data is also useful to constrain W , Y and c 2G , which affect quark cross-sections at high energies [13] .
where again we have defined
The contributions from d = 6 operators to these couplings are given by
where we do not include a contribution from c 2W since it is constrained to be small, as we have seen before. The third relation, as well as the identity λ Z = λ γ , are a consequence of limiting the analysis to d = 6 operators [8] . The best current limits on triple gauge-boson vertices still come from e + e − → W + W − at LEP2 [19] , although LHC results are almost as good and will be better in the near future [20, 21] . Leaving aside the contributions from κ 3W , that we expect to be small in most theories in which the SM gauge bosons are elementary above Λ, we can use the two-parameter fit from LEP2 [19] which at 95%CL reads − 0.046 δg
These are a factor ∼ 10 weaker than the constraints on the coefficients S, T , W and Y from LEP1 (for this reason we can neglect their contributions to e + e − → W + W − ). As expected, the two constraints in Eq. (49) are orthogonal in parameter space to the directionκ W W of Eq. (38), as can be seen using Eq. (48). For this reason, to obtain independent bounds on the 4 parameters c W , c B , κ HB and κ HW , we need the constraint Eq. (43) combined with Eq. (49) and the bound on S. These bounds are at the percent level. In the particular case of κ i c i , as expected in weakly-coupled theories, we obtain the bound
As we said, LHC tests of triple gauge-boson vertices are becoming comparable to those from LEP2, and it is foreseen that LHC will surpass LEP2 in these type of measurements [20, 21] . It follows that an important implication of our study is that the LHC will have a direct impact on the improvement of the limits on c W + κ HW , κ HW + κ HB and κ 3W . We will see in the next Subsection that this conclusion is also valid in non-universal theories.
Non-universal theories
Let us now discuss BSM models without the universal assumption, considering then all operators of the basis. We will follow a different strategy than in the previous Subsection. Let us first look at electroweak leptonic physics for which the experimental constraints are expected to be the strongest ones. Since we assume MFV, dipole operators (third box of Table 2) give corrections to SM processes proportional to lepton masses and can then be neglected. We use the redundancy in our set of operators to eliminate, by using Eq. (21), the 5 operators (14), give contributions to the gauge-boson couplings to quarks that make them depart from the leptonic ones by the amounts δg (31) . Experiments put severe bounds on these deviations. For example, we have limits at the per-mille level on deviations from lepton-quark universality from β-decays and semileptonic K-decays [22] . This implies that the coefficient c (3) q L ξ can be constrained at this level. 10 For c [26] . These bounds will be improved in the future by the LHC. Four-fermion operators involving quarks, as those in the first box of Table 2 , can also be constrained by recent LHC data [13] , while the coefficients of the operators of the second box of Table 2 have no severe experimental constraints due to their Yukawa suppression. However, they can affect Higgs physics through operator mixing, as we will see in the next Section. Finally, bounds on dipole operators can be found, for example, in Ref. [5] .
We conclude that, concerning the strength of experimental constraints, we can distinguish the following sets of d = 6 operators:
(i) First, we have those which can only affect Higgs physics. We have 8+3 operators of this 10 The operator O
also gives contributions to β-decays and K-decays, but this can be independently constrained by recent LHC data [23] .
type (CP-even plus CP-odd respectively) for one family, with real coefficients given in Eq. (37) 11 . As shown in Section 3, they can independently modify the Higgs decaywidth to fermions, photons, gluons and Zγ, apart from a global rescaling of all Higgs amplitudes due to c H .
(ii) A second set of operators are those whose coefficients are severely restricted by electroweak precision data, as explained above. Eliminating, by the EoM of Eq. (21), (iii) In a third set, we have the operator coefficients that can affect the ZW W/γW W vertices and are, at present, constrained at the few per-cent level. These are the combinations κ HB + κ HW and c W + κ HW (and also c 3W if we include λ Z in the analysis).
We finally would like to mention that our result is in contradiction with Ref. [27] that obtained a smaller number of parameters to characterize Higgs physics and triple gaugeboson vertices. The origin of this discrepancy is due to the following. In our basis it is clear that physics at LEP1 is not sensitive to the blind direction c W = −c B , since only the combination c W + c B enters in the S parameter. This blind direction, however, becomes more complicated when one goes to other bases, such as that of Ref. [9] , in which O W and O B are eliminated [by using Eq. (21)] in favor of operators made of SM fermions. In such bases there is the risk of overestimating the number of independent experimental constraints on the Wilson coefficients.
Running effects from Λ to M W
So far, we have implicitly assumed that the Wilson coefficients were evaluated at the electroweak scale, at which their effects can be eventually measured. However, particular UV completions predict the values of those coefficients at the scale Λ where the heavy BSM is integrated out. The RG evolution from Λ down to the electroweak scale, described by the corresponding anomalous dimensions, can be important in many cases.
Our main interest is to calculate the anomalous dimensions of the Wilson coefficients that can have the largest impact on Higgs physics. As we explained in the previous section, these are the coefficients listed in Eq. (37). In Ref. [7] we already calculated the most relevant anomalous dimensions of the κ i in Eq. (37). We showed that tree-level Wilson coefficients do not enter, at the one-loop level, in the RGEs of the κ i , a property that allowed us to complete the calculation of [6] for the anomalous dimensions relevant for h → γγ, Zγ. In this section we extend the analysis by calculating the anomalous dimensions for the 5 tree-level Wilson coefficients:
{c H , c 6 , c yt , c y b , c yτ } .
11 If we relax the MFV assumption that the c y f are real, in addition to the 3 operators Re(c y f )(O y f + O † y f ) we should also consider the 3 CP-odd operators Im(c
We notice that even in the future, with better measurements of the Higgs couplings, and then better bounds on Eq. (51), we still expect Eq. (51) to give the main BSM contributions to Higgs physics, since other Wilson coefficients, such as c W , are expected to receive even stronger constraints from LHC (for a given Λ). Generically, the anomalous dimensions are functions of other Wilson coefficients:
where µ is the renormalization scale. In the RHS of Eq. (52) 
where, from now on, we suppress the q 3 and t superindices in the coefficients for simplicity. We would like to mention that, even for those Wilson coefficients that receive experimental constraints, as those discussed in the previous section, the fact that the constraints apply to the ratios c j M 2 W /Λ 2 means that bounds at the percent-level can allow for c j ∼ O(1) if Λ ∼ O(TeV). These coefficients could then also give potentially non-negligible effects in the γ c i . An example of this is c W . Nevertheless, one can still expect that the dominant effects will be given by the coefficients in Eq. (53) since, for a given Λ, they can always be larger than c W .
In addition, we will also extend our calculation of anomalous dimensions to other Wilson coefficients beyond Eq. (51). These correspond to operators constrained by the present experimental data, and then their anomalous dimensions can be also useful to derive indirect bounds on the coefficients of Eq. (53).
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The anomalous dimensions presented below correspond to the basis of Tables 1 and 2 , after using the five redundancies to eliminate the operators {O
Nevertheless, removing or not these five operators and keeping the redundancy would not change our results (see Appendix B for more details).
Anomalous dimensions of operators relevant for Higgs physics
We present here the anomalous dimensions for the Wilson coefficients in Eq. (51), the ones expected to dominate deviations in Higgs physics, including the effects from the Wilson coefficients in Eq. (53). These are given by
where N c = 3 is the number of colors and C F = (N We remark that, to calculate these anomalous dimensions, one has to take into account that redundant operators removed from our operator basis are nevertheless generated through renormalization at the one-loop level. For details about how to deal with this effect, see Appendices A and B. The need to care about such effect also means that the RGEs depend on the choice of redundant operators (i.e. on the basis).
Let us make a quantitative analysis of the size of these radiative effects. Working at one-loop leading log order,
which is enough if we take Λ ∼ 2 TeV as UV scale and M t as electroweak scale, we obtain the following radiative modifications of the Wilson coefficients, ∆c i ≡ c i (M t ) − c i (2 TeV):
L , ∆λc 6 = −0.36 λc 6 − 0.015 c H + 0.082 c We see that in a few cases, the numerical impact of operator mixing can be significant, like the mixing of c L into c H ; λc 6 and c yt into λc 6 ; and c yt into itself.
Anomalous dimensions of constrained operators
Other interesting anomalous dimensions to calculate correspond to operators that are at present constrained by experiments. Here we present those of c T , c B , c W , and for the top quark, c R , c L , and c
From them we can calculate the leading-log corrections to c B + c W , c T and
L that are highly constrained by S, T and the Zbb-coupling, as has been discussed in Section 4. In this way, coefficients that are more loosely constrained by direct processes, such as c H , c L or c R , can get indirect bounds from LEP1 and Tevatron measurements.
Integrating the RGEs of Eq. (66), at the one-loop leading-log order, between the cutoff scale Λ = 2 TeV and the electroweak scale, that we take here M t , one gets 
L from the RG running, since the SM does not respect this parity. The fact that the three quantities above are constrained at the per-mille level implies that the top coefficients, {c L , c R , . . . } × ξ cannot be of order one. Obviously, we are barring the possibility of cancellations between the initial value of the Wilson coefficients at the scale Λ and the radiative effects ∼ γ c i log(Λ/M t ), that could only be possible by accident.
RGE impact on the predictions of Wilson coefficients
Here we want to study the impact of the evolution of the Wilson coefficients from the UV scale Λ down to the electroweak scale at which they affect Higgs physics. This running can modify the predictions arising from BSM models. We present three examples: two-Higgs doublet models (2HDM), universal theories, and scenarios with sizeable c L,R , such as composite-top models.
2HDM and Supersymmetric theories:
At tree-level, assuming ordinary R-parity, the only d = 6 operators that can be induced in supersymmetric models arise from the exchange of the extra Higgses since these are the only R-even heavy fields. In particular, the MSSM contains an extra heavy Higgs doublet. It is therefore well motivated to look for the impact of an extra heavy Higgs doublet in SM Higgs physics. Denoting the heavy Higgs by H , defined to have Y H = 1/2, its relevant couplings to the SM fermions and Higgs are given by
where α u,d,e are constants and we assume that λ is a real number. In particular 2HDMs, 13 The effects of c H and those of c L,R on T were already calculated in [29] and [30] respectively. these constants are
where tan β defines the rotation from the original basis, in which only one Higgs couples to a given type of fermion, to the mass-eigenstate basis before EWSB. At the order we work (∼ v 2 /Λ 2 ), tan β coincides with that defined in the MSSM. Integrating out this doublet at tree-level, we obtain the following nonzero coefficients for the third-family d = 6 operators:
We have used ( 
with t β ≡ tan β.
To illustrate the impact of these radiative effects, let us consider the MSSM, a model which predicts λ = (1/8)(g 2 + g 2 ) sin 4β at tree-level [31] . We take the stop mass scale Mt large enough to get m h 125 GeV through the well-known loop corrections to the Higgs quartic coupling, which at one-loop and zero stop mixing read:
which is precise enough for our illustrative purposes. For consistency we must also include similar radiative corrections to λ , which read at one-loop:
This gives the value of λ that we can then plug in Eq. (74) to obtain the RG-improved corrections for g hf f induced by integrating out the heavy Higgses. The result is shown as a function of t β in Fig. 1 , which compares the tree-level result (dashed lines) and the oneloop result (solid lines) which takes into account the running from Λ = M H down to the electroweak scale m h . One sees that the effect of the running can be quite significant, easily ∼ 50% or more. The importance of this effect can be further appreciated in Fig. 2 , which shows the lower bound one could set on M H from an upper bound on δg hbb /g hbb , the deviation of g hbb from its SM value. By comparing the tree-level bound (dashed line) and the one-loop bound (solid line) one sees that the bound is shifted significantly by the inclusion of the RG corrections from M H to m h . Finally, notice that c H , which is not generated in the MSSM at tree-level since there are no heavy R-even singlet states, is not generated by the RGE evolution and therefore is also zero in the leading-log approximation.
Universal theories and composite Higgs models: Universal theories predict c yu = c y d = c ye . This prediction is modified by the evolution of these coefficients from the scale Λ, where they are generated, down to the electroweak scale. In particular, for Λ = 2 TeV, we find that the breaking of universality due to the top Yukawa coupling gives
This is a sizeable departure from universality for c yt that will have to be taken into account when fitting these models to data. Also it is worth noticing that in models in which only c H is generated (models with only heavy singlets) and c y f (Λ) = 0, the value of c y f is also very small at low-energies, c y f (m h ) 0. In the minimal composite Higgs model, we also have the prediction c H = 1 at Λ ∼ 2 TeV [4] . We find that the RG effects give a ∼ 20% reduction of this prediction.
Models with a non-SM top:
The top is the only quark whose properties are not yet measured at high precision, allowing then sizeable deviations from their SM predictions. There are also theoretical motivations to expect the top to be the quark with the largest deviations from the SM predictions, as it is the quark with the largest coupling to the Higgs. This is specially true in composite Higgs models where one expects the top to show also certain degree of compositeness. In these examples we can expect sizable values for c R , c L as required in order to avoid large tree-level contributions to Zbb. Unfortunately these coefficients also give large one-loop effects to the T and S parameters and Zbb, as Eqs. (67)- (69) show, that bounds them to be small (unless ξ is small). Interestingly, the coefficient c
LR is not constrained by Eqs. (67)-(69). Therefore it can give sizeable contributions to the RGE evolution of c yt :
that is of order ∼ 15%. A nonzero c
LR could arise from integrating out a massive gluon 24 coupled to the top.
Conclusions
As the measurements of the Higgs properties improve, it will be important to understand their implications for BSM models. In this article we have adopted the framework of effective Lagrangians as a tool to study the effects of d = 6 operators in Higgs physics. As a first step, we have discussed the choice of basis of operators. Our basis has been defined following [4, 7] that distinguished two classes of operators: tree-level (or current-current) operators, and one-loop operators. This choice can be important when calculating one-loop operator mixing, since most of the tree-level operators do not mix with one-loop operators under RG evolution [7] . Another important property of our basis is that it contains a subset of 5 CPeven operators made of Higgs and gauge field-strengths, that in our case are O W,B O HW,HB and O BB , (leaving aside O GG ). We have found that it is important to keep these 5 operators to make the connection with experiments more transparent [these subset could also be written with O W B,W W by using the identities (12) and (13)]. Bases, such as [9] and [27] , that eliminate two of these operators in favor of operators made of SM fermions, as it can be done by using the EoM, have dangerous blind directions for LEP1 experiments, which make the contact with experiments more difficult. We have calculated the modifications that the operators of the effective Lagrangian induce in the Higgs couplings relevant for the main decays and production mechanisms. It has been shown that these operators can be divided in two subsets. There are 11 operators (for one family) with coefficients given in Eq. (37), that can only affect Higgs physics and no other SM processes at tree-level. The number 11 can be deduced from counting the number of independent operators one can write as |H| 2 O 4 with O 4 a d = 4 operator formed with SM fields. The second subset, formed by the rest of operators, enter in other SM processes and therefore can be constrained by non-Higgs experiments. Among the latter, considering only the CP-even ones, we have found that the least constrained correspond to the two combinations of Wilson coefficients appearing in the measurements of the ZW W/γW W coupling, Eq. (48), that LEP2 has only constrained at the few per-cent level. LHC will probe these vertices with better accuracy, so that it will be able to improve these constraints.
We have calculated the anomalous dimensions of the 5 tree-level operators of the list Eq. (37), which allows us to calculate the running of the coefficients from the high-energy scale Λ where they are generated down to the electroweak scale. All technical details of these calculations have been discussed in Appendix B. Since S and T parameters, and the Zbb coupling are very well constrained, we have also calculated the anomalous dimension of the operators contributing to these quantities. In this way, we can put indirect bounds on Higgs operators.
We have applied our results to BSM models as MSSM, universal theories (as composite Higgs models) and models with non-standard top couplings. In such models we have evaluated the leading-log corrections to the predictions for the Higgs couplings. The corrections from the running can be quite large for Λ ∼ few TeV, as Fig. 2 shows. Our calculation of the anomalous dimensions is an aspect of the physics of the d = 6 operators which will become more relevant as soon as we have better measurements of the Higgs couplings.
A Currents, redundant operators and field shifts
In this Appendix we first list, in Subsection A.1, the different currents (of dimension ≤ 3) built from SM fields that enter into the d = 6 current-current operators. We examine in Subsection A.2 how these operators can be generated from integrating out heavy particles discussing what type of operators appear depending on the quantum numbers of the heavy fields. Some of these operators are redundant and can be eliminated from the Lagrangian by using the field equations of motion or, equivalently, by field redefinitions. We discuss this point in Subsection A.3, where we give a possible set of field redefinitions that can be used to get rid of the redundant operators.
If the heavy doublet is also charged under SU (3) c we can get:
while, from a heavy scalar SU (2) L -triplet we would obtain:
From the exchange of a heavy singlet vector one can get:
The exchange of a heavy SU (2) L -triplet vector can produce: 15) and gJ
while a heavy SU (3) c -octet vector could give:
Finally, we list operators that can arise from integrating a heavy fermion. If the fermion is a singlet:J 19) are redundant operators.
If the fermion integrated-out is a doublet, one can get: 20) with the redundant operator:
Finally, from integrating out a heavy fermion triplet, we can get:
To describe the effect of a heavy fermion that is a color octet, one would need to generalize the quark currents of Subsection A.1 by inserting SU (3) c generators. However, the dimension-6 operators that result have been already found in Eqs. (A.18) and (A.20).
A.3 Field redefinitions and redundant operators
Many d = 6 current-current operators are redundant: they can be removed from the Lagrangian by field redefinitions. We will show how field redefinitions can be used for that purpose, focusing here on current-current operators not of the 4-fermion type. Let us start first with bosonic operators. Consider the following transformations that shift fields by some of the bosonic currents listed in Subsection A.1 (with the same quantum numbers of the shifted fields):
with α i arbitrary parameters (taken real). These transformations induce shifts in the d = 6
Wilson coefficients 14 of Eqs. (4) and (5) 
Notice that only operators of tree-level type are shifted. Using this shift freedom, we could eliminate 7 out of the 10 operators and O 2G , they can be used later on to remove 5 other operators involving fermions. We will discuss such operators next. Besides the bosonic redundant operators discussed above, there are redundant operators that involve Higgs and fermion fields. For instance, we have the following first-class operators:
14 Shifts of order m 2 /Λ 2 induced on the renormalizable dimension-4 SM operators play no role. There are also shifts in the coefficients of the operators made of fermions that we show below.
as well as the second-class operators
(and similar operators for down-type quarks and leptons). In addition, there are (second-class) operators involving fermions and gauge bosons: .27) To see that the operators (A.25)-(A.27) can indeed be removed from the Lagrangian, consider the following field redefinitions that involve fermions:
under which the Wilson coefficients shift as follows: For the Higgs-fermion operators of Eq. (14) , plus the straightforward generalization to the down-type fermions, and the up-down mixed operator of Eq. (17), we get (for third-generation quarks):
The Higgs-fermion redundant operators of Eq. (A.25) can be eliminated by the shifts: 
Finally, the coefficients of four-fermion operators will also be shifted but we will not need such shifts and we do not list them. Using all the shift freedom to remove these redundant operators we end up (say, for the third family) with the following Higgs-fermion Wilson coefficients: Table 2 of Section 2.
B Anomalous dimensions of d = 6 Wilson coefficients
In our analysis we are interested in potentially large radiative effects in the running of the d = 6 Wilson coefficients c i from the scale Λ of new physics to the electroweak scale. To study such effects we have computed the one-loop anomalous dimensions γ c i for the Wilson coefficients, which are functions of the coefficients themselves, that is:
where µ is the renormalization scale. When redundant operators are removed from the Lagrangian some care has to be taken in computing anomalous dimensions of the operators left in the basis. The reason is that redundant operators can be generated through RG evolution by operator mixing with nonredundant operator. In other words, the γ c i 's of redundant operators are not zero in general.
Let us explain how this effect can be taken care of in a simple way. Consider a basis formed by a set of coefficients {c i }, after removing a set of redundant coefficients {c r i }. The procedure to remove the c r i is straightforward and has been illustrated in the previous Appendix. One starts from the shifts induced by field-redefinitions with arbitrary parameters α k , which have the form
Then the α k 's are chosen so as to remove the redundant operators,
3)
It is then convenient to define the following combinations 4) which are invariant under the arbitrary shifts (B.2) and correspond to a more physical definition of the Wilson coefficients. The anomalous dimensions of these shift-invariant C i 's are simply
where the last expression just indicates some function of the Wilson coefficients and we distinguish in its argument between coefficients in the basis and coefficients of redundant operators. The key property of this function is that it must depend on the Wilson coefficients only through the shift-invariant combinations. That is, it satisfies
This implies that setting c r k = 0 in these γ i (c k ; c r k ) functions is now a consistent procedure to obtain the anomalous dimensions after removing redundant operators. 15 An explicit example of this is given at the end of Appendix B. We applied this procedure to calculate the anomalous dimensions used in Section 5. In the next Subsections we will list the required shift-invariant C i combinations and present the γ c i 's necessary to complete the calculation.
B.1 Shift-invariant combinations of Wilson coefficients
In order to simplify the expressions for the shift-invariant combinations C i of Wilson coefficients, we present them first in a basis that treats as redundant the operators O B , O W , O 2B , O 2W and O 2G . We explain afterwards how to express these combinations in other bases, as those that keep these operators. As we are not interested in this paper in calculating the anomalous dimensions of 4-fermion operators, below we restrict our C i 's to non-4-fermion current-current operators. We find: 
= 0) and then add to the list the following two new C i 's: RR through lepton or down Yukawas, which are terms we neglect in our RGEs. Therefore, whether we keep O 2B,2W,2G or 4-fermion operators, the RGEs given in the main body of the paper are unaffected.
B.2 Anomalous dimensions before removing redundant operators
To calculate the anomalous dimensions γ C i 's, following Eq. (B.5), we need to calculate the anomalous dimensions of the Wilson coefficients entering in the C i 's, including those that are redundant.
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We have calculated these anomalous dimensions to linear order in the c j 's of Eq. (53), the only exception being c r , which we keep for illustrative purposes here. Parametrically one has γ c i ∼ g 
L , (B.27)
where 33) are the wave-function renormalization terms. The corresponding wave-function terms for leptons and b R (γ L L , γ τ R and γ b R ) are proportional to small Yukawa couplings squared that we
Diagrams that generate at one-loop the redundant operatorÕ Figure 4 : Contributions to the process hhh →f L f R at order 1/Λ 2 , including the one-loop corrections shown in Fig. 3 .
are neglecting. Notice that in the above results we have included some dependence on Wilson coefficients beyond those of Eq. (53) and c r . In particular, we have kept the contributions from wave function renormalization (which are trivial to take into account) in all cases, and we also kept the contributions from c T in γ c W and γ c B that were already calculated in [7] . These anomalous dimensions have been calculated through the (divergent pieces of the) one-loop effective action.
Using (B.10)-(B.32) we can calculate the anomalous dimensions γ C i 's for the shift-invariant Wilson coefficients. These are given in Section 5. We have cross-checked those RGEs by calculating them in an alternative way. We have looked at the one-loop radiative corrections to some particular physical processes and required the corresponding amplitudes to be independent of the renormalization scale. In order to find agreement between both methods, it is crucial to include in the amplitude for the physical process non-1PI contributions. In the effective action approach, such diagrams are in one-to-one correspondence with the redundant operators being eliminated.
As an illustrative example of the previous point, consider the contribution of the redundant operatorÕ Fig. 4 have to be absorbed by c y f (µ) to obtain an amplitude that is independent of the renormalization scale µ.
Finally, the reader can check, using the previous anomalous dimensions which include the dependence on the redundant coefficient c r , that the anomalous dimensions of the shift invariant combinations c H − c r , c 6 + 2c r , c yt + c r /2, c y b + c r /2, plus all the other Wilson coefficients, are functions of these same combinations, so that one can take c r = 0 in a consistent way.
C Transformation properties of the d = 6 operators under the custodial SU (2) L ⊗SU (2) R symmetry
The d = 6 operators of the basis of Section 2 can be made invariant under the custodial SU (2) L ⊗ SU (2) R by promoting their coefficients to (non-propagating) spurion fields transforming under this symmetry. In this Appendix we present these transformation rules.
The bosonic sector of the SM Lagrangian can be made custodial invariant by promoting the gauge coupling g to transform as a triplet under SU (2) R : 
where Y u = (y u , 0) T , and similarly for the other Yukawas. The Yukawa term is then written as √ 2Q L ΣY u u R , where the SM fermions transform as singlets under SU (2) R . To define the proper hypercharge assignment for the SM fermions, we have to enlarge the global group to SU (2) L ⊗ SU (2) R ⊗ U (1) X and define the hypercharge as Y = T 3 R + X. This means that the U (1) Y is not only contained in SU (2) R but also in U (1) X and therefore g has also a singlet component under the custodial group.
Using the above definitions we can write the Lagrangian L 6 as an invariant under SU (2) L ⊗ SU (2) R . This requires to promote few of the coefficients to spurion fields transforming nontrivially. The result is shown in Table 4 . Only c T and c L,R transform non-trivially, being then, together with g and the Yukawa couplings, the only sources of custodial breaking. This information is useful to deduce what combinations of coefficients and couplings can contribute at the one-loop level to a given anomalous dimension. 
L in the following way:
such that under P LR we can define Q L ↔ Q R and
L .
(C.8)
For the second case, Eq. (C.6), we can write the operators O L and O
L as
and define Q L ↔ Q T L T under P LR that gives the transformation rule
(C.10)
In this latter case, invariance under P LR implies c L + c
L = 0, and therefore no corrections to the Zb LbL coupling. 
